Michaël de Paolis. Stereoselective access to heteroarylmethylene-substituted pyrrolidines: fully organocatalytic Mannichhydroamination reactions.A one-pot sequence of organocatalytic transformations delivers heteroarylmethylene-substituted pyrrolidines with high stereoand enantioselectivity. A Mannich coupling of N-heteroarylalkyne aldehydes with aldimine and an original metal-free hydroamination of the resulting adducts are the key transformations of the process delivering highly functionalized molecules with high potential for synthetic applications.
Due to their frequent occurrence in natural products, bioactive molecules and catalysts, the synthesis of substituted pyrrolidines is a dynamic field of investigation. 1 As illustrated by pyrrolidines 1a-b and organocatalyst 2, a particular class of pyrrolidines is the a-substituted N-heteroarylmethyl system (Scheme 1). 2 Interestingly, despite the known importance of N-heteroaromatic scaffolds in medicinal chemistry, there is a relative absence of organocatalyzed methodologies for the preparation of such pyrrolidines. 3 As a possible explanation, basic or acidic N-heteroaromatic decorations are non-innocent groups that can interact with organocatalysts, reagents or products and alter the path and the selectivity of reactions. Thus, despite important developments in the amine-catalyzed Mannich reactions of aldimines, none were reported with aldehydes containing N-heteroaryl substituents. 4 We report herein the first fully organocatalytic strategy for the stereoselective preparation of substituted a-N-heteroaryl methylene pyrrolidines. The key and unique features of the strategy are the highly selective Mannich coupling of N-heteroarylalkyne aldehydes and the metal-free hydroamination of the resulting Mannich adducts.
From a retrosynthetic perspective, we sought to obtain pyrrolidine scaffold 3 by establishing a disconnection involving the hydroamination of alkyne 4 (Scheme 1). This unprecedented transformation with N-heteroarylalkynes was anticipated to take place through the activation of the triple bond by a relay of proton as in 4 0 . 5 Incidentally, the enamine functional group in 3 could offer an entry point for further molecular diversity. Ideally, aminoalkyne 4 would be assembled by Mannich coupling of imine 7 and aldehyde 6 promoted by the recently introduced 3-aminopyrrolidine-based catalyst 5. 6 To explore such a strategy, we examined the reaction between 2-pyridyl substituted aldehyde 6a and imine 7 (Scheme 2).
Interestingly, there is no report of the use of functionalized aldehydes such as 6. Prepared in two steps from 2-bromopyridine and pent-4-ynol, aldehyde 6a proved to be rather unstable. 7 However, taking advantage of the high reactivity of catalyst 5, the Mannich coupling was attempted at low temperature during the reaction. In line with our previous optimized conditions, the Mannich coupling was carried out Scheme 1 Biologically relevant pyrrolidines 1a,b and organocatalyst 2 and a retrosynthetic strategy to obtain a-N-heteroarylmethylene pyrrolidines.
in DMF at À40 1C in the presence of 10 mol% of 5. Notably, a stoichiometric amount of imine 7 and freshly prepared aldehyde 6a were used. Pleasingly, the reaction proceeded without noticeable degradation or homoaldolisation but the instability of the resulting aldehyde 4a precluded any isolation of the Mannich product despite attempts to stabilize 4a. Eventually, we found that one-pot stereoselective Wittig-Horner olefination of 4a led to the stable acrylate 10a (E/Z > 20 : 1). Hence, despite the sensitivity of aldehydes 6a and 4a, the highly functionalized Mannich adduct 10a was isolated in 69% yield over 2 steps as a single diastereomer (dr > 20 : 1, as determined by 1 H NMR analysis of the crude product) and with very high enantioselectivity (99% ee, as determined by chiral HPLC). 8 Our efforts next turned to the hydroamination step. To our knowledge, scarce examples of metal-free promoted 5-exo-dig hydroamination of alkynes were reported, specifically by Jacobi 9a and Cossy. 10 While Jacobi described the 5-exo-dig cyclization of amide to alkynes promoted by ammonium salts, the protonmediated hydroamination of phenylalkyne demonstrated by Cossy required harsh conditions (neat at 150 1C )a n di ti so n l yw i t h b-dialkyl amino compounds exhibiting Thorp-Ingold effects that the 5-exo-dig cyclization occurred. In view of the sensitivity toward oxidation or epimerization of our substrates, it was therefore important to assess the feasibility under milder conditions of such a transformation. Hence, alkyne 10a was treated with trifluoroacetic acid (TFA, 1.1 equiv.) and after 1 h of reaction at rt, we were pleased to isolate the enamine 11a in 63% yield. Clearly, the protonation of the pyridine ring positively influences the cyclization rate. Two points are worth mentioning: the (E)-enamine was formed stereoselectively (E/Z > 20 : 1, as determined by 1 H NMR) and no spontaneous oxidation to the corresponding pyrrole was observed. Having demonstrated the stepwise formation of substituted pyrrolidine 11a, the one-pot process was attempted from 6a and 7. 11 Hence, after 6 h of reaction, ylide 9 was added to the mixture. After 1 h, TFA was introduced to promote the cyclization furnishing the pyrrolidine 11a in 48% yield and in similar selectivity to the stepwise process (dr > 20 : 1, 99% ee). The scope of the methodology was examined with prepared aldehydes 6a-k containing various N-heteroaromatic groups (Scheme 3, see ESI † for their preparation). Gratifyingly, 6b decorated with para-substituted pyridine provided efficiently 11b (46%, 99% ee) and 6c, containing the 2-quinoline scaffold, was converted into 11c (52%, 98% ee).
To demonstrate that 2-pyrazine and 2-pyrimidine scaffolds are compatible with this chemistry, we next surveyed aldehydes 6d,e furnishing 11d (44%, 99% ee) and 11e (40%, 99% ee). The strategy was also applied to 6f substituted with a thiazole group. Again, the whole sequence proceeded smoothly furnishing enamine 11f (not shown) that could not be isolated without degradation. In order to stabilize this adduct, ionic reduction of the enamine was carried out on 11f (HSiEt 3 ,BF 3 ÁOEt 2 , MeNO 2 , 30 1C, 9 d, dr = 85 : 15), providing cis-12f (41%, 95% ee) as the major isomer. The sequence was next explored with electron deficient pyridines 6g (Ar = 3-NO 2 -2-C 5 H 3 N) and 6h (Ar = 3-Cl-2-C 5 H 3 N) for which the proton mediated cyclization could have been more challenging. With 6g, the process occurred smoothly delivering 11g (not shown) for which the reduction (H 2 , Pd/C, K 2 CO 3 , AcOEt, dr > 20 : 1) was also required to isolate pyrrolidine 13g (20% for 4 steps, 98% ee) as the only isomer while 3-chloro-2-pyridine pyrrolidine 11h was efficiently obtained from 6h in 54% yield and 98% ee.
We then wished to investigate the methodology on C 2 -symmetrical dialdehyde 6i containing the 2,6-pyrazine core. Remarkably, bis-pyrrolidine 11i was obtained as the only isomer in 35% yield and 97% ee (20 mol% of 5 were used). Moreover, the Mannich reaction of aldehyde 6a was conducted in the presence of 5 mol% of catalyst 5 without altering the enantioselectivity (99% ee).
Finally, aldehyde containing a meta-substituted pyridine scaffold such as 6j was evaluated. While the Mannich-Wittig sequence proceeded as usual enabling the preparation of alkyne 10j (69%, 99% ee), the proton-mediated cyclization required harsher reaction parameters (4-MeC 6 H 4 SO 3 H, MeNO 2 ,8 01C, 3 h) than the ortho-o rt h epara-pyridine substrates and was therefore carried out in a stepwise fashion to furnish 11j (54%). Similarly, the 3-quinoline substituted aldehyde 6k was converted to 10k (65%, 87% ee) which was cyclized into 11k (68%) according to the same procedure. Despite being much less stable than 11a, pyrrolidines 11j and 11k were isolated and characterized. The cyclization of substrates containing meta-N-heteroaromatic groups was then demonstrated, broadening further the scope of the strategy.
In summary, the methodology provided pyrrolidines 11a-k, 12f and 13g with excellent ee's (87-99%) and dr (>20 : 1) values. In every case, the (E)-configuration of the enamine was exclusively observed. The overall yields (20-54%) remain synthetically useful considering that at least three steps are taking place in the same flask from readily available reagents.
As illustrated in Scheme 4, the versatility of the molecular scaffold 11a was demonstrated through synthetic transformations. On the one hand, the selective reduction of the a,b-unsaturated ester (H 2 , Pd/C, AcOEt) furnished enamine 16 (>95%, 99% ee) on which X-ray crystallographic analysis was performed. 12 Next, diastereoselective Strecker reaction of 16 delivered amino nitrile 17 (95%, dr = 19 : 1). On the other hand, the simultaneous hydrogenation of a,b-unsaturated ester and enamine moieties was carried out in AcOEt to provide 13a (H 2 ,P d / C ,K 2 CO 3 ,1 8d , conditions A) in good yield (71%, 98% ee) or in EtOH for shorter reaction time (23 h). Under these conditions (H 2 ,P d / C ,K 2 CO 3 , conditions B), the transesterification of the methyl ester occurred simultaneously to yield 18 (74%, 99% ee) as the sole isomer. Then, removal of the PMP group proceeded by treatment with CAN ((NH 4 ) 2 Ce(NO 3 ) 6 )f u r n i s h i n g19 (75%, 99% ee).
In conclusion, the first one-pot process for the highly selective preparation of N-heteroarylmethylene-substituted pyrrolidines, for numerous applications both in medicinal chemistry and asymmetric catalysis, is presented. One of the pivotal features of the strategy is the highly selective Mannich coupling of functionalized aldehydes containing various basic N-heteroaromatic groups which adds a new piece to the organocatalytic puzzle. The second synthetic input is the proton-mediated hydroamination of aminoalkyne connected to ortho-, para-a n dmeta-substituted N-heteroaromatic substrates, unveiling an original approach to pyrrolidines containing these versatile scaffolds. Importantly, the whole sequence takes place sequentially in a single flask, is metalfree, employs readily available catalysts and reagents, and proceeds with excellent ee values.
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